Bulk metallic glass forms when liquid metal alloys solidify without crystalization. In the search for Iron-based bulk glass-forming alloys of the metal-metalloid type (Fe-B-and Fe-C-based), crystals based on the structural prototype C6Cr23 often preempt the amorphous phase. Destabilizing this competing crystal structure could enhance glass-formability. We carry out first-principles total energy calculations of enthalpy of formation to identify third elements that can effectively destabilize
I. INTRODUCTION
Iron-based amorphous alloys are used in transformer cores, where their low magnetic coercivity reduces energy loss. Popular glass-forming alloys are based on Fe together with metalloid elements such as B or C. Bulk Iron-based amorphous alloys could become important structural materials, but optimal glass-forming compositions are not yet known. Multicomponent alloys containing fourth row transition metals and rare earths show promise [1] [2] [3] .
We previously explored the quaternary B-Fe-Y-Zr phase diagram [4] , identifying stable and metastable crystal phases and computing their enthalpies of formation. This study identified crystalline structures based on the C 6 Cr 23 prototype as important competitors to glass formation. It appeared that the competition is more problematic in the case of B-Fe-Zr than in the case of B-Fe-Y. To ensure the optimal selection of alloy system, we now carry out a systematic study of many candidate "third elements" and compare them with regard to stability of the C 6 Cr 23 structure. We do this both for the case of B-Fe-and C-Fe-based alloys. We show that atomic size mismatch destabilizes the C 6 Cr 23 structure for sufficiently large atoms such as Yttrium and rare earths [2, 5, 6] .
II. METHODS
Our ab-initio calculations use the program VASP [7, 8] together with the projector-augmented wave method, an all-electron generalization of the pseudopotential approach [9, 10] . We employ the Perdew-Wang generalized gradient approximation [11] (GGA) exchange-correlation functional with the Vosko-Wilkes Nussair [12] spin interpolation.
These choices give excellent results for bulk elemental Fe [10] . GGA is needed instead of LDA is necessary to properly reproduce magnetization and lattice constants [13] . Our magnetic calculations are spin-polarized (i.e. collinear magnetization) and are employed for any structure containing 50% Fe or higher. All calculations for Carbon-based binaries and ternaries are performed at a constant cutoff energy of 400 eV, the default for our Carbon potential.
All calculations for Boron-based binaries and ternaries are performed at 320 eV, the default for our Boron potential.
More details and discussion of convergence, etc. are given in Ref. [4] . All the ab-initio data on which this paper is based can be obtained on the WWW at Ref. [14] .
The composition space of an N -component alloy is a set of N composition variables forming an N − 1 dimensional simplex (respectively, a point, line segment, triangle and tetrahedron for N = 1, 2, 3, 4). Structural energies form a scatter-plot over this simplex. Stable low temperature phases lie on vertices of this scatter-plot. Edges and facets of the convex hull represent coexistence regions of the phases at adjoining vertices.
The tie-lines and tie-planes connecting all pure elements in their lowest energy structures forms a useful reference for alloy energies. The distance ∆H f or of an alloy energy from the tie-surface joining pure elements is known as its enthalpy of formation. It is an enthalpy because volume relaxation means we work at fixed pressure, P = 0. Strong compound formation is reflected in large negative enthalpy of formation. The value of ∆H is determined solely by the cohesive energy of a given structure relative to the cohesive energies of its constituent pure elements.
High temperature phases should lie above the convex hull, but be sufficiently close that entropic effects (e.g. atomic vibrations, vacancies or chemical substitution) can stabilize them. Metastable phases also should lie close to the convex hull, so that their free energy is less than the liquid free energy at temperatures below freezing. Although ∆H f or is usually negative for high temperature and metastable phases, their energy difference ∆E from the convex hull is small and positive. ∆E measures the thermodynamic driving force for decomposition into the appropriate combination of stable phases. In contrast to ∆H, the value of ∆E depends on the cohesive energies of other competing structures.
Discovery of a new stable structure will increase the assessed ∆E values of previously known structures.
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In principle all possible combinations and arrangements of atoms should be considered to ensure the optimal possibilities are found. This is clearly impossible. Rather, we choose plausible structures for consideration by chemical substitution into known structures of similar compounds [15] . We especially consider alloy systems with similar atomic size ratios or other chemical properties.
Structures are denoted using their prototype names and Pearson symbols. For example, we will be interested in the C 6 Cr 23 prototype. The element Cr will be replaced by Fe, and in some cases the element C will be replaced by B. The Pearson symbol for the C 6 Cr 23 prototype is cF116, indicating cubic symmetry, face-centering, with 116 atoms per unit cell. The primitive cell of C 6 Cr 23 .cF116 contains 116/4=29=23+6 atoms.
Using these methods, we built a database of structural energies. For a given N -component alloy system of interest we extract from our database energies of structures containing all, of just some, of the chosen elements. We use a standard convex hull program (qhull [16] ) to identify stable structures and the coexistence regions that connect them.
Based on the output of this program, we calculate values of ∆H f or and ∆E for every structure. Numerical data for the compounds considered here, and more than 1500 others, can be found at Ref. [14] .
III. RESULTS

A. Binaries
Cohesive energies of binary B-Fe and C-Fe alloys are shown in Fig. 1 . Our results for both alloy systems are in perfect qualitative agreement with experiment [17, 18] , because all the known low temperature stable phases occur on the convex hulls (notice C-Fe has no stable compounds) and all the know high temperature, metastable and unknown hypothetical structures lie above the hull. It is impressive how sensitive the density functional theory is to differences in chemical identity, with the many distinctions between B-Fe and C-Fe all being faithfully reproduced.
Many metastable phases are known in the C-Fe binary system. Two of these, CFe 4 .cP5 and CFe 3 .hP8 are based on FCC Iron with Carbon interstitials in, respectively, tetrahedral and octahedral sites. The CFe 3 .oP16 structure is also an important metstable phase in B-Fe. It can be considered as a strong distortion of the Fe 3 Si.cF16 structure, caused by the small atomic sizes of B and C relative to Si. Similarly, the energies of the interstitial cP5 and hP8 structures are lower for C than for B because the Carbon atoms are smaller than Boron. The chief B-Fe structures are discussed further in Ref. [4] .
The lowest-lying metastable C-Fe binary compound has the structure of C 6 Cr 23 . This crystal structure appears to be the most important competitor to metallic glass formation, and further destabilizing it is the goal of this work.
To evaluate stabilities of a ternary alloy system such as C-Fe-Y we need to examine all three of its binary subsystems.
The Fe-Y diagram was previously discussed in [4] and need not be repeated here. The C-Y binary phase diagram is poorly known [19, 20] relaxation, and a final relaxed energy above the convex hull. We find instead that C 4 Y 3 .tP70 [15] is stable at low temperatures.
The high temperature γ phase probably takes the reported Fe 4 N.cF8 structure in the Y-rich limit. This structure is based upon an FCC lattice of Y atoms with C occupying octahedral interstitial sites. When these sites are fully occupied the unit cell composition is C 4 Y 4 and the structure becomes NaCl. On the C-rich side, we begin occupying tetrahedral interstitials and the energy rapidly grows beyond values that are plausible for a high temperature phase.
We also tested Y vacancies and found them even higher in energy. We believe the γ phase actually terminates at 50%
Carbon, rather than the reported 67%. The postulated β-C 2 Y.cF12 structure [19] at 67% Carbon (based on an FCC lattice of Y with C fully occupying all tetrahedral interstitials) is highly unstable and presumably incorrect.
B. Ternaries
Having verified the ability to reproduce these binary phase diagrams, we now investigate ternary systems. Fig 3 illustrates a typical ternary energy diagram, in this case for the alloy C-Fe-Y. This diagram confirms stability of previously known ternary phases and also proposes B 2 Fe 2 Y.tI10 as stable, though this structure has not previously been reported [21] . We also propose C 2 FeSc.tP8 as the probable structure of a previously reported metastable phase of unknown structure. Similar energy diagrams for all ternaries discussed below may be found at Ref.
[14]. We now focus our attention on one specific structure, C 6 Cr 23 , and examine its stability for a variety of B-Fe-and C-Fe-based ternaries. Although Chromium-based in the prototype structure, it is a well known metastable phase in
Iron-based alloys such as C-Fe-Mo and we predict it is actually stable in B-Fe-Sc, B-Fe-Nb and B-Fe-Mo.
Our plan is to find elements that can mix with the binaries in the liquid state but that will destabilize C 6 Cr 23 due to their large atomic size. The requirement of miscibility in the liquid state rules out alkali metals and alkali earths. The requirement of large atomic size rules out middle and late transition metals. We thus identify the primary candidates as the early transition metals and the rare earths. Our discussion begins with Yttrium, the first transition metal of row 4 in the periodic table. The first question to address is the optimal site for Y atoms. As a large atom, it cannot enter as an interstitial, nor can it substitute for
Carbon. There are thus 4 plausible sites, the Iron sites of Wyckoff classes 4a, 8c, 32f or 48h (see Table I ). We also checked that the 8c site is prefered for a second Y substitution, after the first Y atom is already on 8c.
Since there are only two 8c sites in a primitive cell ( Now we compare the stabilities with different choices of large atom. Our data is presented in Table II for several choices of large atom. In each case we verified that the 8c site is prefered. We fully occupy the 8c site, with two large atoms per face-centered primitive cell. Values of r T are distances from large atom to nearest neighbor transition metal in the fully relaxed structure.
Evidently, of the 4d transition metals, the largest atom, Yttrium, is the most effective at destabilizing C 6 Cr 23 .
Indeed, Zr, Nb and Mo tend to stabilize it relative to the B-Fe and C-Fe binaries. However, too large a Y concentration is dangerous for glass formation, because of the low-energy metastable C 3 Fe 17 Y 2 .hR22 structure (Y content 9.1%) and the stable structure CFe 14 Y 2 .tP68 (Y content 11.8%) visible in Fig. 3 .
We can also test whether the 4d row is an optimal choice by examining other members of group IIIA (the first column of transition metals, consisting of Sc, Y, La and Ac). Clearly the 3d element Sc is too small to destabilize C 6 Cr 23 .
Lanthanum (5d) and Actinium (6d) are both highly effective. The lanthanide and actinide rare earth elements, which behave chemically like Lanthanum and Actinium, should likewise do well. Of course, Actinides may present other 
